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A new development in the antisymmetrization of the first-order nucleon- nucleus elastic microscopic 
optical potential is presented which systematically includes the many-body character of the nucleus 
within the two-body scattering operators. The results reduce the overall strength of the nucleon- 
nucleus potential and require the inclusion of historically excluded channels from the nucleon-nucleon 
potential input. Calculations produced improve the match with neutron-nucleus total cross section, 
elastic proton-nucleus differential cross section, and spin observable data. A comparison is also done 
using different nucleon-nucleon potentials from the past twenty years. 
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PACS numbers: 24.10.Cn, 24.10.Ht, 25.40.Cm, 25.40.Dn 



I. INTRODUCTION 

The incorporation of antisymmetrization, or the Pauli 
principle, into the microscopic many-body scattering 
problem has been a subject of study for five decades. 
The underlying problem is developing a many-body scat- 
tering theory which uses the two-body nucleon-nucleon 
interaction while still treating all particles as indistin- 
guishable fermions. The pioneering work of Watson and 
collaborators 0, 01 included the Pauli principle by anti- 
symmetrizing only the active two-body projectile-target 
nucleon interaction. 

In the late 1970's and early 1980's there was a renewed 
interest in the scattering theory of indistinguishable par- 
ticles Q . These studies brought a new level of mathemat- 
ical sophistication to the subject of many-body antisym- 
metrization but had little effect on practical calculations. 
Some of these theoretical developments were rigorous and 
complete j^, |5j . They began with a well denned many- 
body microscopic optical potential formulated using the 
connected kernel and unitary properties of Faddeev @ 
and Alt, Grassberger, and Sandhas Q, however, because 
of their complexity, only results for the lightest of nuclei 
were possible. When simplified to a tractable problem 
they were reduced back to the two-body Watson approxi- 
mation Others during the same time period started 
with the Watson theory and then included higher order 
terms in a consistent manner [ToL Hlj using a cluster or 
spectator expansion. These terms were also complex and 
had limited use (see Ref. [13). 

This work advances an alternative approach which 
modifies the Watson approximation simply and is there- 
fore useful in calculation. The Pauli principle is treated 
in a simple many-body representation which is practical 
for all microscopic optical potential calculations which 
use the nucleon-nucleon potential and a nuclear struc- 
ture calculation as inputs. In section ITT1 and section ITTT1 
a brief presentation of the theory of microscopic optical 
potentials is given. A discussion of the distinguishability 



of the projectile in nucleon-nucleus scattering and a sim- 
ple modification is presented in section llV Al A better 
modification is developed in section TlV Bl Comparisons 
between the different formulations of antisymmetrization 
and experiment are made in section [Vj In section l*VTl a 
summary is given. 



II. BACKGROUND 

It is customary in a microscopic formulation of 
nucleon-nucleus scattering for the external interaction 
between the two fragments to be defined as the sum of all 
nucleon-nucleon interactions, Voi, between the external 
projectile nucleon labeled '0' and the internal nucleons 
of the A body target: 



V = Voi 



(1) 



By following the methods of Watson P, Q and Fesh- 
bach |l3j we may define the optical potential by split- 
ting Hilbert space into two orthogonal projections. The 
projections V and Q define the elastic and inelastic scat- 
tering projections respectively. Using these projections 
we may define the many-body transition operator T as 

T=U + UQqVT, (2) 

where U is the optical potential defined as 



U = v + vg Qu, 



(3) 
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and Qq is the many-body propagator. These projections 
divides elastic scattering into two parts. While calcu- 
lating the optical potential U, using Eq. the pro- 
jection Q constrains the intermediate state interactions 
to take place in the excited energy region of the nuclear 
target 0. 

The first-order approximation to Eq. |JS} which is valid 
at suitably high energies is to assume that the projectile 
only interacts with one target nucleon in the nucleus pj . 
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FIG. 1: (a) Nucleon-nucleus scattering before the interaction 
begins, (b) Nucleon-nucleus first-order scattering. The black 
circles represent nucleons. The well represents the potential 
well of the nucleus. The ground state levels of the nuclear well 
are represented by a cross-hatch and the excited states are 
represented by horizontal lines. The interaction takes place 
in the excited state continuum with only one target nucleon 
from the nucleus interacting with the projectile. 

Applying this assumption we have 

A A 

u=j2 u i~Y, r M> ( 4 ) 

1=1 i=l 

where Toi is defined from Eq. @ as 

roi = V i + VoiGoQrht, (5) 

where the index 'i' represents a specific nucleon in the tar- 
get. The product function GoQ is a many-body operator 
product, which may include effects from of the binding 
energy, nuclear medium, intermediate state Pauli block- 
ing, and excited states of the nucleus. To make the prob- 
lem tractable these operators are reduced to a two-body 
operator (GoQ)2B by various approximations such that 

Ui W T 0i = V 0i + V i(QoQ)2BToi (6) 

can be calculated 0, Q . 

In Fig. ^ we depict an interaction between the pro- 
jectile and single target nucleon. Before the interaction 
begins the nucleus is in its ground state but as the col- 
lision proceeds the projectile enters the nuclear excited 
states and interacts with one bound nucleon. The A — 1 
non-active nucleons are labeled the spectator core be- 
cause they play no direct role in the two-body interac- 
tion mm. 



\V 2B ) = \<l,K)\S,m s )\T,m t ) = ]T 

m s0 ,m t0 



where m s = m s0 + m si , m t = m t0 + m u , K = k ; + k , 
q = ki — k , and the identity of the particle is repre- 
sented by the subscript '0' or H'. This defines the tra- 
ditional two nucleon state which has by definition of the 



To calculate the elastic nucleon-nucleus optical poten- 
tial a summation of Eq. (JSJ over all target nucleons is 
required followed by a projection onto the elastic chan- 
nel 

A 

VUV={$ A \ (KM\ E r °* l k o, k s ) |$ A ), (7) 
i=l 

where |ko) is the momentum of the projectile nucleon 
with label '0' and \&a) is the ground state basis of the 
target nucleus. For simplicity the spin and isospin char- 
acteristics of the nucleons have not been explicitly in- 
cluded in Eq. Q, but they will be discussed later. 

The wave function of the target nucleus is usually in a 
convenient single particle basis used to define the nuclear 
structure density, pa, as 

p^kO^IkO (k,|* A >, (8) 

where ki measures the momentum of target nucleon 'i' 
from the center of the struck nucleus. The definition of 
the optical potential is thus reduced to the traditional tp 
form developed by Watson [IJ and Kerman, McManus, 
and Thaler jljj 

A 

VUV = J2 / d^d^KMlroi^o^^PAiKk) 

i=l 

5(k' Q +k[-k -k{), (9) 

where the delta function conserves momentum for the 
projectile-target nucleon system. The elastic nucleon- 
nucleus first-order optical potential can therefore be cal- 
culated using a nuclear density structure calculation and 
a two-body interaction, Tot, which contains the bare 
nucleon- nucleon potential Vb; as defined by Eq. JSJl. 
These two inputs are the foundation of every microscopic 
nucleon-nucleus optical potential calculation. 

In this work we will examine the antisymmetric char- 
acter of this two-body interaction including the spin and 
isospin dependencies in the context of the traditional 
Watson approximation. When discussing the two-body 
interaction a relationship between the two-nucleon state 
and the scattering state basis may be defined as 



S,m s ,T,m t J (10) 

I 

individual nucleons m si = ±1 (spin up or down) and 
ran — if (proton or neutron). This is a basis which the 
Tbi operator of Eq. J7J and Eq. © is typically calculated 
in. 



k ,m s0 ,m to , ki, m si ,m u )( m sQ ,m t0 , m Sl ,m ti 
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According to the Pauli exclusion principle, since 

the nucleons are fermions, the scattering state 

|q, K)|5, m a )\T, m t ) 2 s, described by Eq. (ffTTTf) - must 
be antisymmetric. The possible choices are: 



|1) = \q,K) sym \S = 0,m s )\T = l,m t ) 

|2) = |q,K) MWTO |S = l,m a )|r= l,m t ) 

|3) = |q,K) aym |S = l,m i )|T = 0,m t ) 

|4> = \q,K.) asym \S = 0,m s )\T = 0,m t ). (11) 

These states are traditionally described in either a par- 
tial wave or helicity basis. Explicitly, for neutron-proton 
scattering, all four states are included. In proton-proton 
scattering only T = 1 is possible so states |3) and |4) are 
excluded, however because of the exact identical nature 
of the two protons, the identity of the original nucleons 
is lost during the scattering process so the contributed 
strengths of states |1) and |2) are doubled. This is the 
traditional kinematical doubling for identical particles in 
quantum mechanics. For example in the two-body cen- 
ter of mass frame a scattering of 10° is equivalent to a 
scattering of 170° because the two protons cannot be dif- 
ferentiated thereby doubling the strength at both angles. 

These results are well known but reiterated here be- 
cause later we will change the character of this two-body 
basis to suit the many-body problem. For future refer- 
ence we define equivalent to Eq. IjlUfl and Eq. Ullll 

\q,K)\S,m s )\T 
and in practice 
_ |1) + |2) + |3) + |4) 

\^2B-np) = Z 



2B-pp) 



v/2|l)+V2|2) 



(12) 



using the states as defined in Eq. Ijlljl. The 2B — np 
describes the traditional neutron-proton antisymmetric 
basis state while 2B — pp describes either the proton- 
proton or neutron-neutron basis states. To calculate a 
proton- 16 optical potential for example we would sum 
up eight TQi interactions in the traditional proton-proton 
basis and eight TQi interactions in the traditional neutron- 
proton basis because the proton projectile interacts with 
either one of eight protons or eight neutrons in the target 
nucleus. They are also weighted with the appropriate 
single particle 16 O density contribution 

VUV = 

dk[ dki (^2B-pp\T i\^2B-pp)Pproton(H,^i) 



8 / dk[ dki (^2B-np\Tm\^2B-np)Pneutron{KM) 



(13) 

akin to Eq. @. The validity of this calculation in the 
context of the many-body problem will be examined in 
section llVl 



III. PRACTICAL FIRST-ORDER MANY-BODY 
CALCULATIONS 

The two-body interaction calculated in many micro- 
scopic nucleon-nucleus interactions is Eq. JSJ 

Tot — Voi + VoiGoQToi. 

As stated previously, GoQ is a product of many-body 
operators which involve the propagation of two nucleons 
through a nucleus which is not in the ground state. The 
spectator core directly affects the two nucleons' propa- 
gation, identity, and interaction. In this section we will 
discuss the two most common methods which make this 
operator suitable for calculation. For a more exhaustive 
summary of these two techniques see Ref. [lj| . 



A. Folding t operator approach 

The first-order optical potential involves a sum of two- 
body interactions between the projectile and the target 
nucleons 



i=i 



(14) 



where the operator To; is 



TQi — V 0i + Vq 1 GqQtq 1 

= %i - %iGoVf 0l , (15) 

which is derived by using the relationship V + Q = 1. 
This procedure successfully removes operator Q from the 
calculation with the cost of a new operator 7~Qi. 

For elastic scattering only Vtq{P need to be considered. 
Explicitly it appears as 



TQi — Tin — Toi 



(E-E A )-h Q + ie 



T~0, 



(16) 



where 7oi is defined as the solution of the sum of 
nucleon-nucleon interactions as the two nucleons prop- 
agate through the many-body medium 



%i — Voi + VoiGoToi 



(17) 



Since Eq. IjlfiJI is a simple two-body integral equation, 
the principal problem is to find a solution of Eq. 117(1 . 
which still has a many-body character due to the propa- 
gator 



Go = {E-ho-H A + ie)-\ 



(18) 



where Ha is the many-body Hamiltonian of the target 
nucleus. If the propagator Go is expanded within a single 
particle description, one obtains to first-order 0, 0, yl| 

G l = [(E - E 1 ) — h — hi — Wt + ie]' 1 , (19) 
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FIG. 2: A graphical depiction of Eq. 1261 which represents 
the t-operator method for calculating the medium effects for 
nucleon-nucleus scattering. The nucleon-nucleon interaction 
is represented by the ellipses (?2b). The mean-field of the 
core nucleus, (Tic), is represented by the black squares. The 
spectator core is represented by the thick black line at the 
bottom which exists throughout the entire calculation. The 
two top thin black lines represent the two active nucleons 
which exist in the continuum of the nuclear well (as depicted 
in Fig. . Only at the beginning of the calculation does the 
ground state of the nucleus exist as denoted by the semi-circle 
imprinted by an 'A'. There is never an explicit interaction 
between the top-line projectile and the spectator core in this 
theory. 

where hi is the kinetic energy of the ith target parti- 
cle and Wi — J2j^i v ij ■ The quantity W% represents 
the mean field acting between the struck target nucleon 
and the residual (A-l) nucleus made from summing up 
all the individual nucleon-nucleon potentials contained 
within the spectator core. The operator of Ea. (|17|l is 
then approximated as 

Toi i=s = Voi + VoiGiToi 

= T 2B +T 2 BG W i G i T 0i , (20) 

where the pure nucleon-nucleon interaction operator T 2 b 
is defined as 

T 2B = V 0i + V 0i G T 2B) (21) 

and 

Go = [{E-E l ) -ho-hi + ie}- 1 , (22) 

is the free two-body propagator. Finally, the two-body 
equation for the medium modified two-body operator 
that appears in Eq. {Tfjjl may be defined as 

%i ~ T 2B + T2 B GoWiGi%i 

%i ~ 1-2B + T^sGoTicGoloi, (23) 

where 

T lC = W t + W t + GoTic, (24) 

is the sum of all interactions between the excited nucleon 
and the spectator core. 

The projectile nucleon interacts with the a struck tar- 
get nucleon through T 2 b and the nuclear core interacts 
with this same stuck nucleon by Tic- Therefore Equa- 
tion l|23|) can be written as a set of two coupled equations 

%i = T~2B + T~2BGoXi 

Xi = TicGoT Qi , (25) 



where the homogeneous equation represents the bound 
state and the driving term in the first equation represents 
the projectile interacting with the bound state. Iterat- 
ing Eq. (|23l) we may understand the physical mechanism 
better 

r 0l |$ A ) = t 2B \<& a ) 

+ l2BGoTicGo72B\&A) 

+ l2BGoTicGoT 2 BGoTicGoT2B\&A) 

+ (26) 

which is graphically represented in Fig. [21 Equations (|25t - 
I26f) is an approximation to Faddeev's exact theory for 
three bodies |6j] which contains three coupled equations. 
It is approximate because the projectile never interacts 
with the spectator core while in a true Faddeev three- 
body theory all three particles interact on equal footing 
with each other, this distinction will be utilized later. 
A good summary of this approximate three-body theory 
(projectile, target nucleon, and spectator core) can be 
found in Refs. [3 13 El- 

B. Folding g operator approach 

There is another popular approach to reducing the op- 
erator GqQ from a many-body operator to a two-body 
operator. The two-body interaction, as stated previously, 
used in most nucleon-nucleus interactions involves calcu- 
lating Eq. © 

TQi = V 0t + VoiGoQTQi- 

In the tradition al g -operator method (see for example 
Refs. [T3 . l20ll2lll22| ) this equation is simplified to 

m ~ g 0l = V i + V Q iQ Q g i, (27) 

where the propagator, Qq is modified to represent the 
medium of the nuclear bound state signified with the 
subscript Q. The Voi is still the bare nucleon-nucleon 
potential. As with the t-operator approach it is usually 
assumed that there is only one active target nucleon and 
the rest provide a mean field 0|- The medium effects 
contained within the propagator can be developed using 
various schemes. One method is to treat the nucleus like 
an infinite Fermi gas and derive spectral functions. An- 
other is to include intermediate Pauli-blocking directly 
by using an operator which only allows entering a state 
which is above the Fermi level. This provides a similar 
mechanism to the folding t approach which includes only 
excited states in the calculation via the projector Q. The 
iterative form of the g equation is 

g 0t = V 0i + VoiQaVoi + V 0i gQV 0i g Q V (H + . . . , (28) 

which is similar in structure to Eq. H26fl of the t-operator 
approach in which the total reaction can be broken into 
interactions with either the two nucleons (Vbi) or the 
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FIG. 3: A graphical depiction of Eq. 1281 which represents 
the g-operator method of calculating the medium effects for 
nucleon-nucleus scattering. The nucleon-nucleon interaction 
is represented by the ellipses (V). The propagator has been 
modified to represent the mean-field effects of the core nucleus 
(the grayed background). The spectator core is represented 
by the bottom thick black line which exists throughout the 
entire calculation. The two top thin black lines represent 
the two active nucleons which exist in the continuum of the 
nuclear well (as depicted in Fig. . Only at the beginning 
(and also end for elastic scattering) of the calculation does the 
ground state of the nucleus exist as denoted by the semi-circle 
imprinted by an 'A'. There is never an explicit interaction 
between the top-line projectile and the spectator core in this 
theory. 

spectator core and the target nucleon (Gq) to first or- 
der. This theory has a rich history which was begun by 
Brueckner |23l l'2-l| and is still active . 

In Fig. a graphical depiction of the g-operator theory 
is shown where the free propagator has been 'grayed' in 
to show that it has been modified. In g-operator theory 
the potential, Voi, is the active operator in contrast with 
t-operator theory which uses T 2 b as its focus. Both the 
g operator method and the t operator method allow the 
modification of the two nucleon interaction via changes 
in the propagator. These changes represent the effects 
of the nuclear medium that the struck nucleon is bound 
to and the projectile is moving through. These 'medium 
effects' have been shown to be important in a variety of 
different calculations [H HI, notably below 200 MeV 
laboratory energy for the incoming nucleon. In both for- 
mulations the interaction between the projectile and the 
spectator core is usually ignored. Again this approxima- 
tion will be exploited in the next section. 

IV. ANTISYMMETRIZATION 

Watson and collaborators Q, Q concluded that the use 
of the antisymmetrized two nucleon interaction was all 
that was required in high energy calculations for a correct 
Pauli principle inclusion. The argument was qualitative 
in nature but powerful. A chance of significant overlap 
of the projectile wave function with more than one tar- 
get nucleon is small for scattering events with projectiles 
of high energy. If overlap is inconsequential, the calcu- 
lation may be reduced to a two-body problem and thus 
only two-body antisymmetrization is required 2]. This 
will be referred to as the 'Watson approximation' in the 
remainder of this work. 

Many modern microscopic scattering theories are orga- 
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FIG. 4: An outline of the spectator expansion. The top draw- 
ing represents the first-order calculation with only two active 
particles, the projectile and one target nucleon. The second 
order calculation involves two target nucleons, etc. 



nized using a spectator expansion as depicted in Fig. 21 
The first-order calculation only scatters from nucleon i. 
The second-order calculation involves double-scattering 
events from nucleons i and j. The Watson approxima- 
tion, based on wave function overlap, is consistent with 
the spectator expansion which only antisymmeterizes the 
active particles. 

Historically however there have been examples in 
which a theory has been revised to include the spectators 
as part of the antisymmetrization process. For example 
in nuclear physics the representation of the ground state 
of a nucleus improves when the wave function is com- 
pletely antisymmetrized. Most models only include in- 
teractions of nearest neighbors, however all nucleons in 
the nucleus interact indirectly via the Pauli principle and 
thus the importance of an antisymmetrization scheme for 
the whole nucleus. 

An older example is that of spin. Although spin is 
added to the non-relativistic Schrodinger wave functions, 
the most significant role it plays in atomic physics is to 
produce the correct fermionic combinatorics by assigning 
each electron a unique orbital. The actual interactions 
which include spin are relatively weak and are often ig- 
nored. It is with these precedents plausible to develop a 
theory which includes both active and spectator nucle- 
ons in its antisymmetrization scheme in contrast to the 
Watson approximation. This is the goal of the next sub- 
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sections where we will examine the role and identity of 
the projectile in a many-body optical potential scattering 
theory. 



A. A distinguishable projectile 

In traditional nucleon-nucleon scattering theory the la- 
bel of projectile is often given to one of the nucleons in 
the initial state. This label is not an intrinsic quality 
and therefore not an adequate quantum number. Dur- 
ing the scattering process the role of the projectile is not 
unique, its identity is lost, and only by convention do we 
choose the final state projectile to have the same isospin 
projection as the initial projectile. 

In exact Faddeev elastic nucleon-deuteron scattering 
the projectile is also not an intrinsic label The pro- 
jectile is defined, by convention, in both the initial and 
final states as the nucleon which is not bound. Dur- 
ing the intermediate states of the scattering process this 
characteristic is lost and all nucleons are on equal identity 
footing in the Faddeev scheme. 

In nuclcon-nuclcus scattering is the projectile also 
indistinguishable? A condition for the projectile in 
nucleon-nucleus scattering is that it is 'fast'. This 
argument was given by Watson and collaborators in 
Refs. PIUtJ and has some merit. On average, in the cen- 
ter of mass frame of the nucleon-nucleus system, the free 
projectile nucleon has a momentum magnitude a factor of 
A times greater than the target nucleon. This constraint 
is however not sufficiently strong to warrant quantum 
distinguishability because it is only a mean kinematical 
expectation. 

The strongest criteria for distinguishability of the pro- 
jectile comes from the approximate form of the theory 
itself. To create the optical potential one sums up over 
all the target nucleons (see Eq. Q). This summation 
could imply that the target nucleon that is struck in the 
optical potential theory is actually the average compos- 
ite nucleon of the nucleus. For example in an N = Z 
nucleus the average target nucleon is half proton and 
half neutron. The theory, because of its approximate 
nature, has created an artificial distinguishable compos- 
ite nucleon target separable from the projectile during 
the entire collision process. Since this composite half- 
proton and half-neutron target nucleon has no possibil- 
ity to be considered identical with the projectile then 
all traditional kinematic exchange factors which double 
the strength of the transition operator for either proton- 
proton or neutron-neutron scattering should be ignored 
as the composite nucleus optical potential is built via 
Eq. . The implication of this is simply that all tradi- 
tional neutron-neutron or proton-proton two-body ampli- 
tudes are cut in half when used in summing the complete 
many-body optical potential 

\^CM-np) = \^2B-np) 



\*cu- PP ) ^^f< (29) 

using the notation established in Eq. l)12ll . This effective 
theory is a manifestation of the approximate averaging 
made in the optical potential theory. As an example of a 
calculation using this modification we show the proton- 
16 O optical potential given in traditional form by Eq. I|13l) 
is now modified to be 

VUcmV = 

+ 8 Jdk[dki (*2B-np|T0i|*2B-np)Pne«tron(k-,ki). 

(30) 

In section [V] we will show results of this type of calcula- 
tion under the 'CM' label (composite model). 

This 'composite model' theory does have disadvan- 
tages. The theory should be able to be extended to such 
processes as charge exchange reactions but it no longer 
has the apparatus for their inclusion since each target nu- 
cleon now only contains a fraction of charge. In the next 
subsection we will look at a different, more appealing, 
theoretical model for antisymmetrization. 



B. Projectile as quantum label 

In the first-order many-body theory there is a differ- 
ence between the projectile nucleon and the struck target 
nucleon which has not yet been exploited. In Fig. |3 the 
t-folding operator model shows that the struck target nu- 
cleon is acted upon by the mean field and thus explicitly 
interacts with the nucleus while the projectile does not. 
This differentiates the two nucleons and is true through- 
out the whole calculation. The projectile nucleon at all 
times carries the characteristic that it is absent an in- 
teraction with the spectator core. Conversely, the struck 
target nucleon interacts via a mean field with the specta- 
tor core throughout the entire reaction. If the g-folding 
theory has the projectile interact with the infinite nuclear 
matter of the core than it contains higher order terms psf 
and the projectile will be difficult to distinguish. How- 
ever if the theory does not have the projectile interact 
with the nuclear matter core, as in Fig. [3 than this same 
differential characteristic may be exploited. 

Introducing a new quantum number formalism for the 
many-body interaction basis, where \a,m a ) is the addi- 
tion, Eq. lfTU|) now becomes 

\*mb) = \^2 B )\a,m a ), (31) 

where the MB still represents a two-body interaction but 
taken within the many-body context of nucleon-nucleus 
scattering. The additional quantum number a is a vec- 
tor fundamentally belonging to the SU(2) group for one 
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a state 


m a pictorial Coef. example theory 


1 symmetric 


1 1 nucleon-nucleon 


Tl + IT -5 optical potential 


-1 H 1 exact Faddeev 


antisymmetric 


Tl — IT -5 optical potential 



TABLE I: A description of the combination of quantum num- 
ber a from the projectile and the struck nucleon. This quan- 
tum number represents an intrinsic quantity of each nucleon 
involved in a many-body scattering theory and belongs to 
the SU(2) group (as does spin and isospin). Coef. is the 
Clebsch-Gordan coefficient squared and represents the proba- 
bility. The Faddeev 1291 and two-body nucleon-nucleon scat- 
tering theories are always symmetric while the optical poten- 
tial is mixed in symmetry for the a quantum number because 
of its approximate nature. 



nucleon (as do spin and isospin) which denotes a new in- 
trinsic quality created by the approximate form inherent 
in the optical potential theory: m a = +| if an interac- 
tion is not required with the spectator core and m a = — j 
if it is required. In all pure first-order optical potential 
elastic scattering theories the projectile has m a = +\ be- 
cause there is no explicit interaction with the spectator, 
all other target nucleons have m a = — | because they 
interact via the mean field and single particle density. 

The a quantum number adds like the spin and isospin 
quantum numbers, a = ao + ai and m a = m aQ +m ai . An 
analogy to isospin can be clearly elucidated. The most 
significant difference between isospin flavors (neutron or 
proton) is the effect of the coulomb interaction, like- 
wise the difference between a flavors (projectile and non- 
projectile) is the effect of the spectator core nucleon's in- 
teraction. In Table [I]we summarize the combinatorics of 
this new vector. Importantly this new many-body basis 
does not change the nature of the fundamental nucleon- 
nucleon interaction, it is only a placeholder vector sym- 
bolizing the status of the interaction with the spectator 
core. The reason for its existence is solely because the 
Faddeev theory is approximated in developing the optical 
potential, the additional quantum numbers are the relics 
of that approximation. The Hamiltonian for the nucleon- 
nucleon interaction conserves this new quantum number 
and the measurement of it commutes with all dynamical 
variables. The significance of this quantum number is 
the distinguishability it produces is needed in the many- 
body context. This becomes clearer if we re-examine the 
t-operator method of Eq. i|2ti|) : 

T 0i \$ A ) = T 2B \<£ A } 

+ ^2BG TicGaT2B\^A} 

+ l2BGoTicGoT2BGoTicGoT2B\&A) 



The operator 7~2B represents the fundamental nucleon- 
nucleon interaction and although a quantum number has 



been added this interaction remains unchanged 

J2( a = hm a = 0|(*2B|^ s |*2B)|a = l,m B = 0) 

T 

= J2( a = °> m * = 0|(*2s|T 2B |* 2B >|a = 0, m a = 0) 

T 

= -5 ^(*2b|T 2B |* 2B >, (32) 



assuming that the nucleon-nucleon potential is isospin 
(T) independent. The factor of .5 recognizes that the 
new quantum number, a, divides the original space in 
two, a symmetric (a = 1) and antisymmetric (a = 0) 
part. 

In every final channel of the T2B operator the struck 
target nucleon must be differentiated from the projectile 
to calculate the Tic operator, which is the interaction 
between the target nucleon and the spectator core 



1 



a-, 



1 



(33) 



where the first equation represents the interaction, with 
null result, of the projectile with the core A — I nucle- 
ons while the second equation represents the target nu- 
cleon interacting with the core. Likewise in the initial 
and final elastic channels of the complete reaction the 
struck nucleon is bound using the \$>a) basis to describe 
the nucleus. In this modified version we add the ai,m ai 
quantum number description to this basis in which only 
m a = — i is non zero. 

This new two-body |a,m Q ) eigenvector is always sym- 
metric for nucleon-nucleon scattering (a = l,m a = —I) 
where there are no other interaction requirements and it 
is also always symmetric for Faddeev nucleon-deuteron 
scattering (a = l,m a = +1) where all interaction re- 
quirements are explicitly included. Thus because both 
nucleons have the same projections in these exact theories 
all protons can still be considered identical. Conversely, 
all approximate first-order optical potential theories al- 
low the I a, m a ) eigenvector to be mixed symmetric (50%) 
or antisymmetric (50%) with an m a — 0. This is an ad- 
ditional degree of freedom introduced specifically by the 
approximation in the first-order optical potential theory. 

Because the optical potential theory distinguishes be- 
tween projectile and target nucleons the new quantum a 
number may be exchanged either symmetrically or an- 
tisymmetrically as long as the overall scattering ampli- 
tude remains antisymmetric. In the Watson approxima- 
tion the states represented by a = 1 are the only physical 
states included. The many-body theory, presented in this 
work, allows both a = and a = 1 states. Its behavior 
in the many-body optical potential theory fundamentally 
changes the acceptable basis from which it operates. 
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Applying this new quantum number to neutron-proton 
scattering in the many-body context it is again noted that 
the addition does not change the strength of the two nu- 
cleon scattering phase space because this quantum num- 
ber represents an external interaction. The new neutron- 
proton scattering amplitude in a many-body context now 
has a total of eight states: 



Imb) = 


|Qj K) S ym\S - 


= 0,m s )\T = 


l,0)|o = 


1,0) 


2mb) = 


|q, K) asym \ S 


= l,m s )\T = 


= l,0)|a = 


= 1,0) 


3mb) = 


|q, K) S y m |iS' = 


= l,m.)\T = 


0,0) \a = 


1,0) 


4mb) = 


|q, K) asym \ S 


= 0,m s )\T = 


= 0,0)|a = 


= 1,0) 


5mb) 


q, K) sym \S = 


-- l,m s )\T = 


l,0)|a = 


0,0) 


''Ml! = 


|q, K) asym \S 


= 0,m s )|T = 


= l,0)|a = 


= 0,0) 


7mb) = 


q, K) sym \S = 


= 0,m s )\T = 


0,0)|a = 


0,0) 


8mb) = 


K) (JS y m |lS' 


= l,m s )\T = 


= 0,0)|a = 


= 0,0) 



(34) 

which are antisymmetric. The first number in the isospin 
and antisymmetric bra-kets represent the full vector, the 
second number represents the projection. All eight states 
are individually half the strength of the four for two-body 
scattering listed in Eq. because the new quantum 
number a splits the traditional space into two and renor- 
malizes them (the coefficient of .5 in Table HJ. H the 
nucleon-nucleon potential is isospin independent (if the 
T = 1 state amplitudes are the same as the T = ampli- 
tudes given an identical momentum-spin space) then the 
eight states reduce to only four unique states. The com- 
bined character and strength of the four states are then 
the same for the traditional two-body and many-body 
neutron-proton interactions. The scattering amplitude 
therefore does not change with the addition of the new 
quantum number in the neutron-proton case, it is only an 
additional placeholder. The proton and neutron have al- 
ready been differentiated by isospin so this new addition 
is redundant and inconsequential as expected. 

The many-body proton-proton scattering amplitude 
has a total of four states which are antisymmetric (those 
that have T=l designation only) 

|1mb) = \q,K) sym \S = 0,m s )\T=l,l}\a = l,0) 
|2mb> = |q,K) osym |S=l,TO s )|T=l,l)|a=l,0) 
|5 M b) = \q,K) sym \S= l,m s )\T= l,l)|o = 0,0) 
|6 M b) = \q,K) asym \S = 0,m s )\T= l,l)|o = 0,0) 

(35) 

which for comparison use the same numbering scheme as 
the neutron-proton states listed in Eq. I|34fl . These states 
have distinct differences from their pure nucleon-nucleon 
counterparts. Two of the states include even momen- 
tum space-spin space product wave functions which were 
not allowed in the traditional two-body proton-proton 
case. States |5mb) and |6mb) include formally forbidden 
scattering states like 3 Si and 1 P\ written in traditional 
partial wave 2S+1 Lj notation. Also there is another sig- 



nificant change for proton-proton scattering in the many- 
body context. The protons are no longer considered iden- 
tical thus the traditional kinematical doubling for iden- 
tical particles described earlier will no longer occur. The 
protons are no longer identical because of the new a quan- 
tum number, thus they are now on the same footing as 
the neutron-proton interaction kinematically. 

In summary this new quantum number, to first approx- 
imation, does not change the character of the neutron- 
proton interaction but the proton-proton interaction now 
mimics the neutron-proton interaction at half strength 
(only half the number of states are possible) 



^MB-np) = \^2B-np) 
_ \^2B-np) 



I* 



MB-pp) 



V2 



(36) 



This is a manifestation of the approximate nature of the 
first order optical potential and is not a characteristic of 
the fundamental force. As an example of a calculation 
using this modification we show the proton- 16 optical 
potential given in traditional form by Eq. <|13|) is now 
modified to be 



VUmbP = 



8 / dk ; dki ( ^Foi 1 



V2 \/2 ) PprotonOt-i, ki) 

— np \T0i\^2B-np) Pneutron(k-i, ki). 

(37) 

The results of nucleon-nucleon scattering and exact Fad- 
deev scattering are left unaffected by this work as ex- 
pected. 

Exchange of m a is not included explicitly in the many- 
body amplitude but it is assumed to exist. Since the m a 
quantum number is tied directly with the identity of the 
projectile in proton-proton (or neutron-neutron) scatter- 
ing it shares many similarities with the m t quantum num- 
ber in neutron-proton scattering. In two-body scattering 
the significance of isospin exchange does not affect the 
final result. The distinguishable calculation (not includ- 
ing isospin) is the exact same as the indistinguishable 
result (including isospin) because the projectile nucleon 
by convention always carried the same isospin compo- 
nent. The same is true with this new quantum number 
a in the many-body case. The projectile always carries 
the m a = +\ component so target exchange is irrelevant 
to the final result. Irrelevant does not mean that it does 
not happen, there is no need to add an explicit exchange 
mechanism for quantum label m a to the nucleon-nucleus 
theory. This feature of exchange was noted by Kowalski 
in Ret 0. 

There have been two new antisymmetrization models 
presented. The first, the composite model (CM), treats 
the target as distinguishable and therefore not identical. 
The second model adds a new quantum number a to treat 
two protons as indistinguishable but no longer identical. 
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The latter model is more sophisticated, involves exchange 
in a natural way, and treats antisymmetrization with a 
many-body formalism (MB). All three models have the 
same neutron-proton amplitudes but are differentiated by 
how they treat the proton-proton (and neutron-neutron) 
amplitudes. In the next section we will show comparisons 
between the traditional Watson approximation, the com- 
posite model, and the many-body model. 



V. RESULTS 

Comparisons will be made between experimental data 
and calculations which involve a folding, energy fixed, t 
operator approach (described in section lTlI Al and further 
in Ref. yjj|)- The medium effects (T^c) have been set to 
zero so that only the Born term is calculated in Fig. 
The reasoning for not including any medium modifica- 
tions is so that the differences between the strengths of 
the antisymmetric techniques can be clearly elucidated. 
Medium affects are only significant with projectile en- 
ergies below 200 MeV [l8j so most comparisons in this 
section are made with energies of at least 200 MeV. To 
further ascertain the significance of the antisymmetric 
technique the same Dirac-Hartree nuclear structure cal- 
culation and the same nucleon-nucleon potential |3l| , 
fit to the 1993 dataset of nucleon-nucleon observables, is 
used in all calculations unless otherwise noted. Beyond 
these two inputs there are no adjustable parameters. 

The Watson approximation will be referred to as '2B' 
(discussed first in sectional, the 'CM' will be the compos- 
ite model (discussed in section llV All , and the many-body 
antisymmetry will be 'MB'(discussed in section TlV B|l . 
To summarize the differences between the three theoret- 
ical models, the 2B model uses the same two-body in- 
teraction used in nucleon-nucleon and nucleon-deuteron 
scattering, the CM model cuts all proton-proton and 
neutron-neutron amplitudes in half, and the MB model 
replaces the proton-proton and neutron-neutron ampli- 
tudes with the neutron-proton amplitudes and also cuts 
them in half. The end result is that the strength of the 
m t = ±1 amplitudes developed in this work are roughly 
half that of the the traditional Watson two-body ampli- 
tudes. It will be shown that this dramatic reduction leads 
to an improvement in the theoretical fit to experimental 
data. Then an examination of why the Watson approxi- 
mation has been successful for five decades and why now 
the need for modification. 

In Fig. we compare these three calculations 
(2B,MB,CM) on neutron-nucleus total and inelastic cross 
sections for four doubly magic targets, 16 O, 40 Ca, 90 Zr, 
and 208 Pb. The over prediction of the Watson approxi- 
mation (solid line) in the range of validity for this calcula- 
tion (> 200 MeV) stands out while the other calculations 
(MBrdashed, CM:dashed-dotted) do much better. This 
over prediction for the total cross section using the tradi- 
tional Watson approximation signifies that the strength 
of the effective interaction designated by the optical po- 



tential is much too large. The data and calculation have 
a high level of precision such that this difference is in- 
deed real and significant (sometimes as high as 20%). 
The many-body and composite model do much better 
by reducing the strength of the neutron-neutron ampli- 
tudes which are inherent in the nucleon-nucleus optical 
potential calculation. 

The inelastic cross section calculations are included for 
future reference. An interesting facet worthy of study 
is that surprisingly the two-body calculation roughly 
matches the many-body result (but not the composite 
result). Therefore the many-body result mainly reduces 
only the elastic cross section while the composite model 
reduces amplitudes which contribute to both the elastic 
and inelastic cross section. 

Proton-nucleus differential cross section calculations at 
the extreme forward angles for 16 O, 40 Ca, and 208 Pb at a 
proton lab energy of 200 MeV are shown in Fig. El Again 
the 2B Watson calculation (solid line) over-predicts the 
data points at the extreme forward angles while the other 
calculations (MB:dashed, CM:dashed-dotted) compare 
better with experiment. Although these differences may 
appear slight they are actually rather significant because 
this is a logarithmic graph. Once again the use of the 
Watson approximation (2B) leads to an effective nucleon- 
nucleon potential which has too large a strength (as much 
as 50%!). Both the many-body antisymmetrization (MB) 
and the composite model (CM) come closer to the experi- 
mental values in all cases tested at and above this energy. 
Because these are proton projectiles a coulomb force has 
been added [3]| • The systematic use of first neutrons (in 
Fig.[5J| and then protons (in Fig. EI) as projectiles, result- 
ing in the same over prediction for the Watson approx- 
imation calculation, removes the coulomb interaction as 
a source of the discrepancy. 

The importance of fitting accurately the forward an- 
gles for proton-nucleus elastic differential cross sections 
must be emphasized. It is the most significant part of 
the cross section and therefore of importance to under- 
stand if the strength is to be calculated accurately using 
an effective interaction. Too often these discrepancies 
are missed because of the range and logarithmic nature 
of the experimental measurements. For example these 
differences are barely noticeable when the same data and 
calculations are graphed over a larger range as in Figs. [TI- 
ED 

The complete elastic experimental observables for a 
proton scattering off of 16 O, 40 Ca, and 208 Pb respectively 
are shown in Figs. 17191 The top graph in each figure is 
the same differential cross section that was depicted in 
Fig. HJ1 except now a larger angle range is used. The mid- 
dle graph is the spin polarization (A y ) and the bottom 
graph is the spin transfer (Q). These bottom two graphs 
are spin observables and measure the frequency of spin 
changes along the axis of quantization and orthogonal to 
it respectively. They are normalized to the elastic differ- 
ential cross section. 

The solid line is the Watson approximation (2B), the 
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FIG. 5: Four total and inelastic (reaction) neutron-nucleus cross section from four different nuclear targets. The upper lines 
are calculations of the total cross section while the lower lines represent the inelastic cross section. The solid line is the two- 
body Watson approximation, 2B, the dashed line is the many-body calculation, MB, and the dashed-dotted line represents the 
composite model (CM). All calculations use a Dirac-Hartree density |30| and the Nijmegen nucleon-nucleon potential |3l| and 
a full- folding procedure [Tg|. The neutron total cross section data (diamonds) are taken from Ref. |3^|. There is systematic 
error which is roughly represented by the size of the diamonds |3^l . 



dashed line is the many-body antisymmetry technique 
(MB). The composite model (CM) is not shown for 
graphical clarity but it mimics very closely the results 
of MB. The new calculations described in this work (MB 
and CM) do as good a job as the Watson approxima- 
tion (2B) in the describing the full differential cross sec- 
tion and spin observable experimental data. This result 
is somewhat surprising because the modification to the 
two-body interaction was substantial. In both of the new 
theories the strength of the proton-proton and neutron- 
neutron interaction was cut in half but the spin observ- 
ables, which are a ratio, seem to be relatively insensitive 
to this modification keeping their same general oscilla- 
tory form. 

Overall the newly introduced composite model and 
many-body antisymmetrization calculation predict the 
strength of the two-body nuclear interaction used in a 
microscopic first-order nucleon-nucleus elastic optical po- 
tential better than the older Watson approximation. This 
is over four different nuclei targets, two different projec- 
tiles, and four different observables. 

The Watson approximation has been accepted since 
the 1950's. In the late 1970's and early 1980's there were 
attempts at improving the Watson approximation but 
ultimately they failed, in part because the approxima- 
tion did a very good job at reproducing experimental 
results [T^. This paper suggests two alternatives which 



now reproduce experimental data better and are more in 
the spirit of a many-body nucleon-nucleus theory. In this 
section the success of the Watson approximation will be 
examined and it will be shown that its poor quality has 
not been obvious until recently. 

The quality of nucleon-nucleus elastic scattering data 
has changed in the past twenty years and this is due 
directly to the dynamic nature of the nucleon-nucleon 
dataset. In the 1980's the Bonn nucleon-nucleon poten- 
tial was finalized. At the time of publication it was fit 
to a 1986 dataset of nucleon-nucleon observables. This 
refinement continued in the early 1990's with the cre- 
ation of the Nijmegen potential |3l| and a newer Bonn 
potential jl^ ■ There were theoretical developments that 
these new potentials included, but more importantly the 
world dataset of nucleon-nucleon observables expanded 
and was modified [40|. In early 2000 the Bonn poten- 
tial was once again modified including the use of an even 
larger nucleon-nucleon dataset that included experiments 
run as late as 1999 |4l|. The differences between the 1986 
dataset and the 1993 dataset are quite dramatic and this 
abrupt change led to a significant difference in results of 
nucleon-nucleus elastic scattering calculations. 

To explicitly see these differences the first few phase 
shifts are plotted for the neutron-proton amplitude in 
Fig. The solid line represents the phase shift which 
fits the 1999 dataset. The dashed line represents the 
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FIG. 6: Extreme forward differential cross section calcula- 
tions and experimental data for a proton on 16 O, a proton on 
40 Ca, and a proton on 208 Pb at 200 MeV proton laboratory 
energy. The calculation procedure and inputs are the same as 
Fig. The solid line represents the Watson approximation 
(2B) while the dashed line represents the many-body anti- 
symmetrization (MB) and the dashed-dotted line represents 
the composite model (CM). The da ta p oints are represented 
by circles and are taken from Refs. |34l 13a. l3q|. 
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FIG. 7: The differential cross section (da/dQ), analyzing 
power or polarization (A y ), and the spin transfer (Q) for a 
proton interacting with 16 O at a laboratory energy of 200 
MeV. The data are the circles and were taken from Ref. |34|1 . 
The solid line represents the Watson approximation (2B) 
while the dashed line is the many-body antisymmetrization 
model (MB). For graphical clarity the composite model (CM), 
which closely mimics MB, is not included. The calculation 
methods and inputs are described in Fig. |S] and the text. 



phase shifts for the dataset thirteen years earlier in 1986. 
Specifically for the I So phase-shift these differences are 
quite severe. The strength of the neutron-proton ampli- 
tude has changed dramatically in this time period ac- 
counting for the differences in calculation results for the 
two nucleon, three nucleon and many nucleon scattering 
problems. These changes over time have led to a bet- 
ter description of nucleon-nucleon scattering, nucleon- 
deuteron scattering (see for example Ref. |2g), but a 
worsening of the nucleon-nucleus scattering description 
using a microscopic optical potential with the Watson 
approximation. This is in concurrence with the focus of 
this work; that the nucleon-nucleon amplitude is used 
correctly in nucleon-nucleon scattering, and in an ex- 
act Faddeev scheme like nucleon-deuteron scattering [2(| , 
however it needs modification in the approximate optical 
potential theory. 

In Fig. ^2 we also plot the complex central term of 
the nucleon-nucleon interaction (Wolfenstein A 42]) as a 
function of angle. The solid line represents a fit to the 



1999 dataset while the dashed line represents the 1986 
dataset. In the real part of the central term the dif- 
ferences are significant at the extreme forward angles. 
These forward angles are kinematically the most impor- 
tant in the nucleon-nucleus calculation. Since both the 
real neutron-proton and real proton-proton Wolfenstein 
amplitudes are larger at the extreme forward angle using 
the 1999 dataset this shows a direct correlation to the 
time dependent growth of the cross section calculations 
in Figs. 15161 In 1986 the Watson approximation was a 
good fit to the experimental data. However it can be 
shown that by 1993 this was no longer a true statement. 

In Table [n] neutron total cross section calculations 
and experimental data are compared for a 250 MeV 
neutron impinging on cither 16 or 208 Pb. The cal- 
culations vary by the type of nucleon-nucleon potential 
used. The potentials are fit to different nucleon-nucleon 
datasets ranging from 1986-1999 and the calculations use 
either the traditional Watson approximation (top half) or 
the many-body antisymmetrization (bottom half). The 
startling conclusion is that the Watson approximation 
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total 250 MeV neutron cross section [b] 


Watson Approximation 


target 


EXP. 


1986 1993 1999 1999CD 


16 Q 


.355 


.353 .408 .403 .405 


208p b 


2.786 


2.773 3.264 3.224 3.225 


total 250 MeV neutron cross section [b] 


Many Body Antisymmetry 


target 


EXP. 


1986 1993 1999 1999CD 


16 o 


.355 


.322 .363 .357 .357 


208p b 


2.786 


2.524 2.865 2.818 2.818 



TABLE II: The total cross sections of a neutron on 1(i O and 208 Pb. The experimental result is shown (in bold) as well as a 
variety of theoretical calculations based on different nucleon-nucleon datasets. The datasets are labeled by the year in which 
they were defined. The top half of the table uses only two-body antisymmetrization, the bottom half of the table uses many- 
body antisymmetrization. Error on experimental and calculation results are significant on the last digit. The experimental data 
was taken from Ref. |32T| . The calculations were produced as discussed in Fig.|K|except that the type of two-body potential used 
varied. The 1986 calculation used the Bonn potential |3fj |. the 1993 used the Nijmegen I neutron-proton averaged potential |3ll |. 
Both the 1999 and 1999CD used the new Bonn potential described in Ref. |41| . The CD stands for charge dependent. 



was the best fit if using the 1986 dataset but with the in- 
troduction of the 1993 dataset the many-body antisym- 
metrization became the better fit. With the 1999 dataset 
the fits of the many-body antisymmetric technique fur- 
ther improved while the Watson approximation version 
became even worse. Again these differences can also be 
ascertained directly by examining Figs. I1UI11I 

The nucleon-nucleus calculation does use the off-shell 
two-body amplitudes. It was shown however that if two 
potentials agreed on-shell (they both fit the nucleon- 
nucleon dataset to a high degree of accuracy) than dif- 
ferences off-shell were near inconsequential for nucleon- 
nucleus elastic scattering For example in the pro- 
duction of TablelTTla Nijmegen potential [3l| was used for 
the 1993 data-set calculation. These results differ with 
a Bonn potential [3^ calculation which is based on the 
same 1993 dataset by at most 1%. 

There are two calculations listed in Table ITT| that use 
the 1999 dataset. They differ on their use of charge 
dependent terms. The leftmost of the two columns 
(depicted 1999) uses the neutron-proton amplitudes for 
neutron-proton, proton-proton, and neutron-neutron cal- 
culations so their is no charge dependence in this calcu- 
lation. Since neutron-proton amplitudes contain both 
even and odd momentum space-spin terms it can create 
a proton-proton amplitude by using only the odd terms 
from the neutron-proton amplitude. The column labeled 
1999CD calculates the neutron-proton and proton-proton 
amplitudes separately based on different datasets thereby 
introducing charge dependencies and thus a more accu- 
rate amplitude. These charge dependencies can not be 
used in a systematic method for many-body antisym- 
metrization. To calculate the proton-proton amplitudes 
of the theory presented within one must use neutron- 
proton amplitudes as a source for the even momentum 
space-spin amplitudes, this process thus nullifies the ef- 
fect of charge dependencies. This is why Table |n] has 
the same values for total cross section using the 1999 
and 1999CD datasets while using the many-body anti- 
symmetrization techniques. 



Incidentally, the differences in the neutron-proton 
phase shifts over time is not without controversy. When 
the 1993 dataset was defined there were criteria used 
to refine the set which threw out some experimental 
data jljj. There have been concerns expressed over this 
procedure's validity and scientific merit |4l| . This is still 
an open question and it is likely that the nucleon-nucleon 
dataset will not be static in the years that follow. 

VI. CONCLUSION 

This work has presented antisymmetry in the nucleon- 
nucleus many-body problem. The new results are a treat- 
ment of antisymmetry in the nucleon-nucleus first-order 
microscopic optical potential scattering calculation with 
a truer many-body flavor. The theoretical strength of the 
proton-proton and neutron-neutron amplitudes used in 
the many-body calculations are cut in half and their char- 
acter is changed to include states that have never been 
used to describe proton-proton scattering (for example 
the 3 <Si— 3 Di state is now included at half strength). Tra- 
ditionally these states were referred to as forbidden be- 
cause they violate the Pauli principle in two-body scatter- 
ing. These states, although unphysical in proton-proton 
and neutron-neutron scattering in a two-body context, 
are physical in the approximate many-body context pre- 
sented here. The many-body theory also contains ex- 
change in a natural way and allows for further theoretical 
development to include inelastic reactions. 

Results show that this new many-body antisymmet- 
ric theory represent the experimental data better than 
the Watson approximation over a large range of reac- 
tions. This improvement was only apparent recently 
with the use of the newest nucleon-nucleon potentials 
which have significant differences than their for-bearers. 
Many researchers in nucleon-nucleus scattering theory 
still use potentials based on datasets from the 1980's or 
before [Tj, B EH like the Paris 46] or Bonn-B [38| po- 
tentials. These potentials have an extensive history of 
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FIG. 8: The differential cross section (da/dQ), analyzing 
power or polarization (A y ), and the spin transfer (Q) for a 
proton interacting with 40 Ca at a laboratory energy of 200 
MeV. The data are the circles and were taken from Ref. [3^1. 
The solid line represents the Watson approximation (2B) 
while the dashed line is the many-body antisymmetrization 
model (MB). For graphical clarity the composite model (CM), 
which closely mimics MB, is not included. The calculation 
methods and inputs are described in Fig. |5] and the text. 

use in this field and are still of value if the best effective 
potentials are sought, but from a microscopic point of 
view they are inadequate because they fail to describe 
nucleon-nucleon data accurately. 

The use of the microscopic first-order optical potential 
in nuclear reaction studies has been extensive. More fun- 
damental theories have been advanced but it is still one 
of the few that is able to produce results when more than 
a few nucleons are involved. This work has re-examined 
its antisymmetric character and with little rigor has sug- 
gested a modification which has improved its validity and 
power. Although stronger development is required, these 
new contributions will hopefully lend insight in ascertain- 



ing the validity of this wonderfully dynamic scattering 
theory. 
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FIG. 9: The differential cross section (da/dQ,), analyzing 
power or polarization (A v ), and the spin transfer (Q) for a 
proton interacting with 208 Pb at a laboratory energy of 200 
MeV. The data are the circles and were taken from Ref. [3^ |. 
The solid line represents the Watson approximation (2B) 
while the dashed line is the many-body antisymmetrization 
model (MB). For graphical clarity the composite model (CM), 
which closely mimics MB, is not included. The calculation 
methods and inputs are described in Fig.|K|and the text. 
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FIG. 10: The first six nucleon-nucleon phase-shifts as a func- 
tion of energy. The solid line represents a fit to the 1999 
dataset Ej while the dashed line represents a fit to the 1986 
dataset 13811. 
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FIG. 11: The Wolfenstein amplitude A for nucleon-nucleon 
scattering. This amplitude is a measure of the central piece 
of the interaction. The solid line represents the amplitudes 
fit to the isospin averaged 1999 dataset |4lll . The dashed 
line represents the neutron-proton amplitudes fit to the 1986 
dataset pjil ]. The dash-dot line which only appears in the 
proton-proton amplitudes is from the 1999 dataset if charge 
dependencies are used |4l|. Note that these dependencies are 
relatively insignificant. 
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